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intestinal biotin transport; gene promoters; transport regulation; multiple variants BIOTIN (VITAMIN H) IS AN ESSENTIAL micronutrient that acts as a coenzyme for four carboxylases that catalyze essential steps in four pathways involving fatty acid biosynthesis, gluconeogenesis, and catabolism of certain amino acids and fatty acids (2, 29) . The importance of biotin for normal health and well being is underscored by the serious clinical abnormalities that result from its deficiency, which include neurological disorders, growth retardation, and dermal abnormalities (2, 6, 29, 34) . In addition, evidence has been recently presented to suggest that marginal biotin deficiency could be teratogenic (34) . Biotin deficiency and suboptimal levels are being reported with increased frequency in recent years. Deficiency of biotin occurs in conditions of inborn errors of biotin metabolism, following chronic use of certain anticonvulsant drugs, following long-term use of parenteral nutrition, during pregnancy, in a substantial number of alcoholics, and in patients with inflammatory bowel diseases (6, 10, 12, 29, 33, 34) .
Humans and other mammals cannot synthesize biotin, and thus must obtain the vitamin from exogenous sources through absorption in the intestine. Therefore, the intestine plays a central role in determining and regulating normal biotin body homeostasis. Studies over the past 15 years from our laboratory and others have characterized different physiological and biochemical aspects of the intestinal biotin absorption process using a variety of intestinal preparations from different mammalian species (3, (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . These studies have shown the involvement of a Na ϩ -dependent, concentrative, carrier-mediated system that is localized at the brush-border membrane of the intestinal absorptive cells. We have also shown that the intestinal biotin uptake process is regulated by dietary biotin deficiency levels (20) and by ontogeny (22) . More recently, the intestinal biotin uptake system was also found to be utilized by the unrelated water-soluble vitamin pantothenic acid, and the metabolically important substrate lipoate (18, 23) .
The molecular characteristics of the intestinal biotin absorption process of rat, human, and rabbit have been recently delineated by us and others (5, 16) . Our studies in rat intestine have identified a cDNA clone that has an open reading frame identical to that of rat placenta, i.e., to that of sodium-dependent multivitamin transporter (SMVT) transcript (15) . A significant heterogeneity, however, was found at the 5Ј untranslated region (5Ј-UTR) of the rat intestinal transcript with four distinct variants (I to IV) being identified. Furthermore, our findings have also shown the expression of the different variants to be tissue specific in nature (5) . For example, variant II was found to be the predominant variant in the small and large intestine. However, this variant was not found in brain, lung, and stomach but was clearly expressed in kidney and liver (5) . The finding of multiple variants for the SMVT gene suggests the possible involvement of multiple promoters that drive the expression of this gene. The latter suggestion is based on a substantial number of reports linking heterogeneity at the 5Ј-UTR of expressed transcripts with existence of multiple promoters (14, 17, 28) . Our aim in this study was, therefore, to test this hypothesis and to confirm the existence of the multiple variants at the genomic level. The results obtained have indeed established the existence of multiple (three) promoters in the 5Ј regulatory region of the SMVT gene and showed that these promoters are separated by exons of the previously identified variants.
MATERIALS AND METHODS
Materials. DNA restriction enzymes and Vent DNA polymerase were purchased from New England Biolabs (Beverly, MA). Routine biochemicals were all of molecular biology qualities and were purchased from Fisher Scientific (Tustin, CA). Cell culture reagents were purchased from Sigma Chemical (St. Louis, MO) and Life Technologies (Rockville, MD). Fetal bovine serum was obtained from Omega Scientific (Tarzana, CA). Kits used in this study were purchased from commercial sources as indicated.
Primers. The primers used in different experiments are listed in Table 1 . The primers were synthesized by Sigma Genosys (The Woodlands, TX).
Genome walking. To obtain the genomic DNA sequence of SMVT that includes the promoter, upstream genome walking was performed using Rat GenomeWalker and Advantage Genomic PCR Kits (Clontech, Palo Alto, CA) according to the manufacturer's instructions. The first set of gene-specific primers (primers 1A and 1B, Table 1 ) was from the vicinity of the ATG initiation codon of the cloned intestinal cDNA. Primary PCR reactions were performed using the flanking adapter-specific primer 1 (AP1, supplied with the kit) and a flanking 3Ј gene-specific antisense primer, following the manufacturer's protocol and the supplied libraries. A 3.9-kb DNA fragment was obtained from the RDL-1 (EcoRV) library, amplified, and then diluted and used as template for nested secondary PCR using the nested adapter primer (AP2, supplied with the kit) and the respective nested gene-specific antisense primer (primer 1B). The fragment was cloned in pBluescript II SK ϩ for further characterization. A similar procedure was followed to move further in the upstream direction of the SMVT genomic DNA to obtain the entire 6.5-kb 5Ј upstream region. In cases where amplification of a genomic fragment proved initially unsuccessful, we suspected a GC-rich template and used a system containing both a reaction buffer and enzyme mix suitable for this purpose (Roche Biochemicals, Indianapolis, IN)
DNA sequence analysis. Subcloned DNA fragments obtained by genomic walking were sequenced with an ABI automated DNA sequencer by a commercial vendor (SeqWright, Houston, TX). Sequence alignment and searches were performed using the BLAST, the TRANSFAC, and the TFSEARCH databases (8, 32) .
Primer extension analysis. The transcription start sites of the rat SMVT gene were analyzed by primer extension. Poly(A ϩ ) RNA isolated from rat small intestine and colon were isolated as mentioned before (5) . Ten picomoles of primers 2R (from exon 1a, variant II), 3R (from exon 1b, variant IV), 4R (from exon 1c, variant I), and 5R (from exon 1d, variant III) ( 
EcoRI, single underlined text; BglII, double underlined text; NheI, bold face text; HindIII italic text. * These primers were used to create deletions of P1 promoter. † pGL3 vector primer sequences (Promega); these primers were used for sequencing luciferase-promoter constructs. The relative position ("Position") of the Na ϩ -dependent multivitamin transporter (SMVT) gene sequences is based on numbering the "A" of the translation initiation codon sequence as "1" with upstream sequences indicated as negative numbers.
reactions were carried out with ϳ8 g of the poly(A ϩ ) RNA, the labeled primers, avian myeloblastosis virus reverse transcriptase, and Primer Extension System (Promega) following manufacturer's procedure. Primers 2R, 3R, and 5R were used with poly(A ϩ ) RNA from small intestine, whereas primer 4R was used with poly(A ϩ ) RNA from rat colon because this variant (i.e., variant I) was absent in the small intestine (5). The extended product was resolved on SequaGel-8 (National Diagnostics, Atlanta, GA) and visualized by autoradiography. The products of primer extended were compared with an ⌽X-174 HinfI DNA marker and 1-bp DNA sequence ladder (not shown).
Promoter-luciferase plasmid construct. Three putative promoter regions (i.e., P1, P2, and P3) were amplified by PCR using specific primers as indicated in Table 2 . The PCR fragments were subsequently subcloned upstream of the promoterless luciferase gene in the pGL3-basic vector as described previously (4) . The constructs were confirmed by DNA sequencing.
Preparation of different deletion constructs of SMVT promoters. Deletion constructs of the three SMVT promoter P1, P2, and P3 were prepared as follows: the deletion constructs for P1 were prepared using PCR ( Table 2 ). The P1 deletion products were purified and subsequently subcloned into the NheI and HindIII sites of pGL3-basic vector to generate the pGL3-P1⌬ constructs. Deletion constructs for P2 and P3 were obtained by suitable restriction digestion to generate pGL3-P2⌬ and pGL3-P3⌬ constructs, respectively. All constructs were verified with appropriate restriction digestion and DNA sequencing.
Cell cultures and transfection. Promoter-luciferase reporter gene constructs were transfected into rat intestinal epithelial IEC-6 cells (ATCC, Manassas, VA). Approximately 2 ϫ 10 6 cells were electroporated with 10 g plasmid that contained the construct as described by us before (5) . To normalize for the efficiency of transfection, these cells were Promoter-pGL3 constructs Data presented here are means Ϯ SE of at least three independent experiments and were expressed as relative expression over pGL3-basic, which was set arbitrarily at 1. Statistical analysis was performed using the Student's t-test.
RESULTS
Genomic organization of the 5Ј regulatory region of rat SMVT gene. Using the genome walking technique described in the MATERIALS AND METHODS, we obtained a 6.5-kb DNA fragment from the 5Ј regulatory region. The relative position of SMVT gene sequences is based on numbering the "A" of the translation initiation codon sequence as "1" with upstream sequences indicated as negative numbers. This genomic fragment was sequenced and analyzed and was found to contain exons of all the four recently identified transcript variants (i.e., variants I-IV) (Fig. 1 ). Because these variants possess significant heterogeneity in the extreme 5Ј end of their UTR, we have named the exons responsible for the heterogeneity as exons 1a to 1d. The common 5Ј-UTR that exists in all variants was marked as exon 2, the 60-bp placental exon was named exon 2a, and the exon containing the ATG initiation codon was named as exon 3.
Our study showed that the region upstream of exon 1a contained multiple putative regulatory regions including several repeats of purine-rich regions and two TATA-like elements. Presence of the several regulatory elements including the TATA-like elements in this region suggests that this region may be a promoter, and this was tentatively named P1. Unlike P1, the region between exons 1a and 1b and that between exons 1b and 1c were found to be GC-rich. Analysis of these regions revealed the presence of many putative regulatory elements, such as SP-1, AP-1, and AP-2. Hence, these areas were also designated as putative promoters P2 and P3, respectively.
Determination of the transcription initiation site. Primer extension analysis for transcription initiation site was carried out using specific primers and poly(A) ϩ RNA from intestine of rat as described in MATERIALS AND METHODS. The results are shown in Fig. 2 . Transcription initiation sites for exon 1a were at Ϫ5078, Ϫ5133, and Ϫ5150; those for exon 1b were at Ϫ4426, Ϫ4429, and Ϫ4442; those for exon 1c were at Ϫ4218, Ϫ4220, Ϫ4225, and Ϫ4246; and those for exon 1d were at Ϫ4062, Ϫ4072, Ϫ4115, and Ϫ4126. No extended signal was observed with reaction containing no RNA, which was used as a negative control (data not shown).
Promoter activity. In an effort to establish the functionality of the three putative promoters (P1, P2, and P3) of the biotin transporter SMVT gene, we prepared three different constructs by cloning these putative promoter regions into the promoterless pGL3-basic vector (Fig. 3) as described previously by Chatterjee et al. (4) . The pGL3-basic vector with or without the putative promoter sequences as well as the vector expressing the Renilla luciferase (pRL-TK) were cotransfected into rat intestinal epithelial IEC-6 cells. Activity of the expressed firefly luciferase from the putative promoter constructs and the basic vector was normalized relative to the expressed Renilla luciferase activity. The results showed that transfection of IEC-6 cells with pGL3-P1, pGL3-P2, and pGL3-P3 expressed a 10.5-, 8.6-, and 5.2-fold increase in luciferase activity, respectively, over the promoterless pGL3-basic construct (P Ͻ 0.01 for all) (Fig. 3) .
To determine the minimum regions required for basal activity of P1, a series of sequentially deleted (⌬) promoter constructs (Fig. 4) was prepared by PCR (see Table 2 for details). The promoter activity of each construct was then determined by analysis of luciferase expression in the transiently transfected IEC-6 cell extracts. The results showed that (Fig. 4) cells transfected with pGL3-P1⌬1 have a significant reduction in luciferase activity compared with pGL3-P1. Further deletion of P1 up to Ϫ5311 led to a slight reduction in luciferase activity. Upon deletion to Ϫ5209, however, a substantial reduction in luciferase activity was observed.
Similarly, different sequentially deleted promoter constructs for P2 were prepared (Fig. 5) by restriction digestion. The results showed that cells transfected with pGL3-P2⌬1, pGL3-P2⌬2, pGL3-P2⌬3, and pGL3-P2⌬4 displayed a gradually decreased level of luciferase expression compared with pGL3-P2. Further deletions to Ϫ4548 (pGL3-P2⌬5), however, caused an increase in luciferase expression, whereas an additional deletion to Ϫ4439 (pGL3-P2⌬6) led to drastic reduction in luciferase expression.
To determine the minimum region required for basal activity of P3 promoter, P3⌬ constructs (Fig. 6) were transiently transfected into IEC-6 cells following similar methods mentioned earlier. Deletion from Ϫ4465 to Ϫ4319 led to significant reduction in luciferase expression. Internal deletion from Ϫ4441 to Ϫ4226 resulted in no luciferase expression of the promoter.
DISCUSSION
Recent studies from our laboratory have identified four unique transcripts characterized as 5Ј-UTR variants expressed by the biotin transporter SMVT gene (5) . These cDNA variants were found to be expressed in a tissue-specific manner (5). The existence of multiple 5Ј-UTR variants suggested the possible involvement of multiple promoters. To test this possibility, and to begin to understand the regulation of the intestinal biotin uptake process at the molecular level (the intestinal biotin absorption process is known to be regulated by dietary substrate levels and by ontogeny; Refs. 19 and 21), as well as the basis for the tissue-specific expression of the different transcript variants expressed by the SMVT gene, we cloned and characterized the 5Ј regulatory region of this gene. Our findings provided direct genomic sequence confirmation as the basis for the existence of the different variants, demonstrated their relative position in the upstream region of the biotin transporter SMVT gene, and provided information about their relation to regulatory regions of this gene.
We believe that the beginning of the 5Ј end of the regulatory region is between Ϫ6110 and Ϫ6032, as sequence in this upstream region is found to be shared by another rat gene (GenBank accession no. M77850). The 3Ј end of the regulatory region of the SMVT gene was marked by exon 1d and exon 2. Within the regulatory region, three putative promoters (P1, P2, and P3) were identified that were separated by exons of the four previously identified variants. P1 was found to be 972 bp in length, whereas P2 and P3 were 548 bp and 159 bp in length, respectively. The identification of multiple promoters also suggests the involvement of alternative splicing in the generation of the previously identified distinct SMVT variants (5).
The putative P1 was found to lack any classic TATA or CAAT elements. Instead, two TATA-like elements (4) were found at positions Ϫ5193 and Ϫ5224 of P1. In addition, P1 was also found to have six putative GATA-1 binding sites. The existence of GATA-1 binding sites in P1 of the SMVT gene is in line with our previous observations of tissue-specific expression of this gene (5), as these sites are known to be involved in tissue-specific expression of other genes (8, 11, 12, 31) . In addition to several putative regulatory elements, P1 was found to contain several AP-1 elements and a STAT-binding element, was purine rich, and contained 42% GϩC.
As to P2 and P3, these putative promoters were found to be GC rich, containing 66% and 67% GϩC, respectively. Again, no classic TATA or CAAT elements were detected at the expected positions in either of these promoters. P2 and P3, however, were found to contain several SP-1, AP-2, and AP-3 elements, which may be involved in basal activity of these promoters (see below). In addition, P2 and P3 were found to contain an AP-1 element, whereas a nuclear factor-B (NF-B) element was found in P2. These putative regulatory elements are known to be inducible under different cellular conditions, e.g., external stimuli (7), but their role in the regulation of SMVT gene transcription is not known and needs further investigation.
The primer extension study suggests that the SMVT gene has multiple transcription initiation sites. From the sequence analysis, it was determined that the transcription initiation sites were located in close vicinity to the proximal TATA-like element in the case of P1 or from the proximal SP-1 elements in case of P2 and P3. The presence of several transcription initiation sites, which were preceded by multiple SP-1 binding sites and the lack of classic TATA or CAAT elements, is a characteristic of a constitutive promoter (1) . The physiological significance of having multiple transcription start sites that are close to each other is unclear to us. Similar observations have been reported with other genes that utilize multiple promoters that lack classic TATA or CAAT elements and have multiple transcription start sites (30) .
Functional activity of the putative promoter P1 was established by the promoterless luciferase reporter gene expression. Our results showed that among the three putative promoters, P1 was the most active promoter in cultured intestinal epithelial IEC-6 cells; it was followed by P2 and P3, respectively, as shown by the results displayed in Fig. 3 . This finding is interesting when related to expression of the different variants in intestinal epithelial cells where variant II was found to be the predominant form (5) . This is because the expression of this variant is driven by P1. It is not known at present, however, whether an enhancer is needed for proper functioning of P1 in the intestinal epithelial cells. This issue will be addressed in future investigation.
Our deletion studies to identify the minimum regions needed for basal activity of the different promoters have shown that for P1, a 103-bp sequence from Ϫ5311 to Ϫ5209 is essential for basal transcription in IEC-6 cells. This region contains a putative TATA-like element along with other regulatory elements including C/EBP, AP-1, and GATA-1. This raises the possibility that these elements may be needed for transcription of the SMVT gene; further studies, however, are The pGL3-P3⌬1 constructs were prepared by digesting the pGL-P3 with restriction enzymes that cut once in the insert and once in the multiple cloning sites of the vector followed by religation. The pGL3-P3⌬2 construct was prepared by digesting pGL-P3 with a restriction enzyme (PlmI) that cuts twice in the insert followed by religation. The result of a luciferase assay of each construct following transient transfection into rat intestinal IEC-6 cells is shown on the right. Please see legend to Fig. 4 , for further description. *P Ͻ 0.01, comparison was made relative to pGL3-P3. needed to test this possibility. The region from Ϫ6064 to Ϫ5763 was also found to be important for P1 activity expressed in the intestinal epithelial IEC-6 cells.
For P2 and P3, a 110-bp sequence from Ϫ4548 to Ϫ4439 and a 94-bp sequence from Ϫ4441 to Ϫ4319, respectively, were found to be needed for basal activity in the intestinal epithelial IEC-6 cells. The minimal promoter region of P2 contains several SP-1 elements and other elements like AP-2, AP-4, Oct-1, and NF-B. The P3 minimal region also contains multiple SP-1 elements. Again, it is not clear whether any of these putative regulatory elements are involved in driving the basal transcription of the SMVT gene in the intestine; further investigations are needed to address these issues. An interesting observation was the finding of a significant increase in P2 activity when a deletion was made from Ϫ4600 to Ϫ4548. This increase interrupted the progressive decrease in the promoter activity found upon deletion from Ϫ4600 to Ϫ4548, and suggests possible existence of a negative regulatory element in this region. As stated earlier in this report, variant II is the most predominantly expressed variant in small intestine. The observations that P2 and P3 also show significant activity in IEC-6 cells may indicate the possible existence of a silencer sequence somewhere in the gene.
In summary, results of this study represent the first characterization of the 5Ј regulatory region of a mammalian biotin transporter gene, SMVT. These findings should serve as a base for future investigation into the molecular regulation of the intestinal biotin absorption process and the pattern of tissue-specific expression of SMVT.
